for women farmers, who grow sorghum under extremely poor P availability conditions in WA (Leiser et al., 2018; Rattunde et al., 2018) .
Sorghum hybrids for WA were explored in the early 1970s (Andrews, 1975) . First experimental hybrids in Mali were developed by crossing the available introduced Caudatum-race cytoplasmic male sterile seed parents with local varieties as male parents (Toure and Scheuring, 1982) . Although the possibility of obtaining high heterosis for grain yield was established, the poor adaptation and unacceptable grain quality of those hybrids made them commercially unsustainable. Sorghum farmers in the Sudanian and Sahelian zone of WA, stretching across Senegal, Mali and Burkina Faso, predominantly cultivate Guinea-race varieties or landraces that possess the required panicle (lax and drooping with wide glume opening at maturity) and grain quality (hard corneous endosperm, low decortication, and grain storage losses) and a suite of adaptation traits . It was therefore necessary for breeders to develop female parents based on local germplasm to produce hybrids with key adaptation and grain quality traits, required for adoption by farmers (Toure and Scheuring, 1982; Diallo et al., 2018) .
Efforts by the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) and the Institut d'Economie Rurale (IER-Mali) to create cytoplasmic male sterile seed parents based on WA Guinea-race germplasm enabled production of the first Guinea-race-based hybrids, with both parents having the Guinea-race background. These hybrids, with the necessary grain quality and adaptation characteristics, were produced to test the potential benefits of hybrids in the diverse and often challenging environments of smallholder farmers in Mali. The yield superiorities of these hybrids under diverse field conditions and farmers' management systems (Rattunde et al., 2013; Kante et al., 2017) and farmers' initial adoption of these new hybrids (Smale et al., 2014 ) encouraged a dedicated long-term hybrid-breeding pipeline. Efforts are underway to develop new seed parents and identify other restorer lines to diversify the female and the male parental pools beyond the limited initial A/B pairs and restorer lines, thereby sustaining hybrid breeding and exploiting heterosis with more distinct and better combining parents. However, to date, no combining ability analysis or estimates of heterosis are available with these Guinea-race materials to help guide breeding efforts.
Sorghum producers in WA are almost entirely smallholder farmers working under low-input conditions. The farming system is characterized by low and uneven rainfalls (Le Barbé and Lebel, 1997; Le Barbé et al., 2002; Sanogo et al., 2015) , low or nonexistent use of fertilizers (Theriault et al., 2018) , and low soil fertility in sorghum growing areas (Kang, 1986) , which largely contribute to reducing sorghum productivity and adversely affect farmers' livelihoods. Because of the highly weathered soils and the cost and lack of access to fertilizer, low soil fertility is a major problem for these farmers (Doumbia et al., 1993 (Doumbia et al., , 1998 Leiser et al., 2018; Weltzien et al., 2018) . Leiser et al. (2012) reported a mean plant-extractable P level of 7.4 mg P kg −1 soil Bray 1-P, with a median of 5.5 mg P kg −1 soil Bray 1-P (n = 207) from Malian sorghum farmers' fields. These LP levels are clearly below the 11.6 mg P kg −1 soil threshold for sorghum cultivation (Doumbia et al., 1993) , reflecting the seriousness of P limitation for WA sorghum farmers. In addition, sorghum landraces and bred cultivars showed important genotype ´ soil P interactions for grain yield in WA (Leiser et al., 2012) . Although the initial studies have shown that Guinea-race hybrids can provide yield advantage under both low-and highproductivity conditions (Rattunde et al., 2013; Kante et al., 2017) , the performance of these hybrids specifically under LP vs. high-P (HP) soil conditions has never been investigated. Differences between traits and the stress level experienced during the cropping cycle influence the relationship between parental per se performance and hybrid performance (Chaubey et al., 1994; Betrán et al., 2003) . Therefore, the characterization of hybrid performance and combining ability patterns of the new hybrid parents under contrasting soil-P conditions would provide overall information on how to select parental lines to obtain the most promising hybrids and help breeders to formulate strategies targeting hybrid development for WA farmers' low-input environments.
This study aims to support the effective development of sorghum hybrids for WA smallholder farmers. Specifically, we seek (i) to understand the yield performance and heterosis levels that can be obtained with diverse Guinea-race sorghum hybrids across contrasting environments, (ii) to characterize the extent and nature of combining ability among the hybrid parents that are fully or partially based on Guinea-race germplasm, and (iii) to estimate the effectiveness of direct selection under P-limited environments relative to indirect selection under more favorable P levels for hybrid yield performance under LP conditions.
MATERIALS AND METHODS

Genetic Material
The hybrid parents used in this study were developed by line selection from (i) Guinea-landrace varieties, (ii) a randommating Guinea-race population (approximately 80-90% Guinea background), or (iii) Guinea-Caudatum interracial pedigree breeding products (expectation of substantial and somewhat equal Guinea-and Caudatum-race background) (Tables 1 and 2) . Therefore, the female and male parents represent genetic backgrounds ranging from complete Guinea-race to Guinea-Caudatum interracial origins. Two sets of hybrids were produced for testing the combining ability patterns of the female and male parents. their on-farm grow-outs in 2008 of a random-mated bulk of the population. These lines, identified in Table 1 as GPd-1, GPd-2, and GPd-3, were derived from PopD08-611, PopD08-165, and PopD08-622, respectively. The F 4 lines derived from the Guinea population derivative by B-line crosses that were identified to be maintainer lines were converted into A-lines by four backcross cycles to the male-sterile version. Combine Kafir-60 was the source of the sterile cytoplasm for all of the newly developed A-lines.
The seven male parents used to produce Set 1 hybrids were chosen to represent a range of genetic backgrounds, from
Set 1 Hybrids and Check Varieties
The 16 female parents used to produce the first set of hybrids (Set 1) included two parents widely used for commercial hybrid production in Mali (FambeA and 02-SB-F5DT-12A) and a series of new seed-parent lines, all possessing the A 1 cytoplasm ( Table 1) . The new seed-parent lines were developed through crossing derivatives from a broad-based Guinea population (Population Diversifiée Guinea-naine) with established Guinea-Caudatum interracial maintainer lines 02-SB-F5DT-12B or PR3009B. The Guinea population lines trace back to three S 1 lines derived from farmers' single-plant selections made in Table 1 . Names, genetic origins, and maturity ranges from high-P (HP) trials in Samanko 2015 of female and male parents used to produce Set 1 hybrids.
Name
Genetic origin † Maturity classification ‡
Female parents
FambeA Guinea landrace Intermediate complete Guinea-race to Guinea-Caudatum interracial origins. Three of these parents, identified as BC_Lata//IS15401, BC_ Lata//Samb, and BC_Lata//Ribdahu in Table 1, were derived  from crosses of landrace varieties IS15401, Sambalma, and Ribdahu, respectively, with Lata and subsequently backcrossing once to Lata, producing Lata//IS15401-6-30-1-bulk, Lata// Samb-4-13-1-1-bulk, and Lata//Ridb-8-9-1-1-bulk, respectively. Only 83 of the targeted 98 experimental hybrids from the 14 females and 7 male parents were developed. Further, only 76 and 44 experimental hybrids were evaluated in 2015 and 2016, respectively (with 40 in common between years), because of nicking and logistical difficulties during seed production. No hybrids from females (GPd-1/02-SB-F5-12)-3A and (GPd-1/02-SB-F5-12)-5A were tested in 2016. The number of hybrids tested in 2015 differed between sites, as hybrids with insufficient seed were tested in a single location ( Table 3 ). The parental lines were included, with the fertile B-lines representing the female parents. Guinea landrace varieties from Mali were included as checks to represent varieties currently grown by farmers in the region. The choice of Tieble (CSM335), as a landrace check, was based on farmers' appreciation of its yield stability and good grain quality, whereas Woroponi was chosen for inclusion in the 2016 trials because of its known adaptation to the somewhat drier Kolombada test site.
Set 2 Hybrids and Check Varieties
A second set (Set 2) of hybrids was created to examine the combining ability of new lines derived from introgression of genes from donors of diverse geographic and racial origins into the elite restorer parent Lata (Table 2) . Starting with a set of 1083 BC 1 F 4 introgression lines derived from distinct BC 1 F 2 s after backcrossing once to Lata, a sample of 79 lines was chosen through a stepwise selection process. The first culling, based on grain hardness, foliar anthracnose resistance, and threshability, rejected progenies inferior to Lata for any selection criterion by more than one standard deviation (using best linear unbiased predictors [BLUP] across eight environments [two locations with two P levels across 2 yr]). The resulting set of 300 progenies was then examined for grain yield, retaining all progenies with grain yield BLUPs at least 10% superior to the recurrent parent under either LP or HP. As every progeny showing yield superiority under HP was also present in the superior set under LP, selection pressure was the strongest for performance under LP. The 79 progenies retained through this process were derived from seven donors of contrasting racial and geographic origin, with 8 to 17 progenies representing each donor (Table 2) . Progenies derived from the same donor were identified as separate backcross groups (BCG) of male parents. The recurrent parent, Lata, and another line derived from the Guinea population with highly desirable grain quality, Djelefi, were included as male-parent checks.
The two commercial seed parents, FambeA and 02-SB-F5DT-12A, and one newly bred A-line, (GPd-1/ PR3009)-1A (Table 1) , were used as the female parents for producing the Set 2 hybrids. Sufficient seed for testing only 159 of the targeted 237 experimental hybrids could be made for testing in 2016 trials, because of nicking and logistical difficulties during seed production. Sixty of the eighty-one male parents were tested in crosses with at least two female parents in the 2016 trials, with 18 having been crossed with all three female parents. The landrace varieties Tieble and Woroponi were included to represent farmer-preferred varieties.
Field Trials
Field trials were conducted in 2015 and 2016 at the IER in Kolombada (12°40¢ N, 7°0¢ W) and the ICRISAT (Samanko, 12°31¢ N, 8°4¢ W) research stations. Eight (Set 1, 2015, and 2016) and four (Set 2, 2016) field trials were conducted with two contrasting P conditions (HP and LP) per location ( Table 3) . The HP and LP fields were adjacent to each other to minimize soil differences apart from P fertility, and no field was used for two consecutive years of trial. The LP sites at the ICRISAT and IER research stations had been managed for LP testing for 10 to 12 yr, receiving no P fertilization, and showing soil P levels <7 mg P kg −1 soil Bray 1-P (Leiser et al., 2012) .
An a-lattice design, with three replications, was used for all trials. Given the differences in the number of hybrids per location, the number of blocks per replication was changed accordingly (Table 3 ). Plots consisted of two rows of 1.8-m length, with 75 cm between rows and 30 cm between hills. Three weeks after sowing, hills were thinned to two plants (10 plants m −2 ) and all plots were weeded. Weeding was repeated regularly throughout plant development. At sowing, 100 kg ha −1 of diammonium phosphate (DAP, 18-46-0 N-P-K) was applied and 50 kg ha −1 of urea (46-0-0) was topdressed in HP plots. Under LP conditions, no P but the equivalent amount of N as in HP was applied as urea. Heading date ( Julian days), plant height (cm), and dry threshed grain yield (g m −2 ) per plot were measured for further analyses.
Data Analysis
Each location ´ P level combination was considered a separate environment, for each separate year trial (e.g., Environment 1 = Sko_HP_15: Samanko, HP condition in 2015). Because of the important difference in number of hybrids across years for Set 1 and the structure and the unbalanced nature of Set 2, separate combined analyses across all environments were conducted for each year for Set 1, and no variance component analysis for where Y ijpkl is the observed performance of the ith genotype in the lth incomplete block within the kth replication of the jth environment and the pth P level, m denotes the overall mean, G i is the effect of the ith genotype, E j the effect of the jth environment, P p the effect of pth P level; GP im and GE ij are the effects of the interactions of the ith genotype with the pth P level and the jth environment, respectively; E(R) jk is the effect of the kth replication in the jth environment, E[R(B)] jkl is the effect of the lth block within the kth replication in the jth environment, and e ijpkl is the residual term associated with each Y ijpkl . Underlined effects were treated as fixed and all other effects were treated as random. Residual variances were presumed heterogeneous among environments. Genotype in Eq.
[3] was moreover extended, as in Eq. [2], by the combination of checks, females, males, and hybrids (female and male GCA, and SCA) to obtain the variance contribution of different groups and of their interactions with environmental factors, particularly with P level. For the latter model, checks, environments, and P levels were treated as fixed and the rest of the terms were treated as random effects.
Significance Level, Heritability, and GCA Estimates and Correlations
Significance level of variance components was assessed with the likelihood ratio test (Morrell, 1998) . Repeatability (broadsense heritability of single trials) estimates for each group in each trial and overall heritabilities were based on an ad hoc approach for unbalanced datasets using Eq. [19] in Piepho and Möhring (2007) . The BLUPs of each genotype and the average variance of differences among genotypes in single environments were obtained from Eq. [1]. A separate Eq.
[4] was fitted, separating data of HP from those of LP trials of each set within year to obtain the overall genotype BLUPs in the two different P levels:
where Y inkl is the observed performance of the ith genotype in the lth incomplete block within the kth replication of the nth location, m denotes the overall mean, G i is the effect of the ith genotype, L n the effect of the nth location, and GL in is the effect of the interaction between the ith genotype and the nth location, L(R) nk is the effect of the kth replication in the nth location, L[R(B)] nkl is the effect of the lth block within the kth replication nested in the nth location, and e inkl is the residual term associated with each Y inkl . Underlined effects were treated as fixed and all other effects were treated as random.
As proxy for a = 5% average LSDs, we multiplied the average standard error of a difference in each environment by two to compare genotypic means. To assess the significance of the difference between the hybrid means and those of the landrace checks as a group, we performed a Student's t test between these two groups, in most environments. Alternatively, we performed a Mann-Whitney U test in the environment where hybrid BLUPs were not normally distributed (Kda_HP_16 of Set 1) and performed a Welch t test where there was a significant difference between the variances of the two groups (Kda_LP_16 of Set 1). Set 2 will be reported. All analyses were performed using the software R (version 3.4.4; R Development Core Team, 2011). Phenotypic data were fitted in a mixed model analysis, using restricted maximum likelihood with the package AsReml-R (Butler et al., 2007) to extract variance components of different factors and the BLUPs in Set 1 and Set 2.
Single Environments
Overall variance components within single environments and the BLUPs of individual genotypes were estimated in a mixed model by considering genotypes and blocks nested within replications random effects, whereas replications were treated as fixed effect. Model 1 gives the formula for the single-environment analysis:
where Y ikl is the observed performance of the ith genotype in the lth incomplete block within the kth replication, m represents the overall mean, G i is the effect of the ith genotype, R k is the effect of the kth replication, R(B) kl is the effect of the lth block within the kth replication, and e ikl is the error term associated with each Y ikl . Underlined effects were treated as fixed.
To estimate more detailed variance components, a second model was fitted. Genotypes were separated into genotype groups (females, males, hybrids, and checks) to assess the variance components of each group. Therefore, genotypes in Eq.
[1] were separated into checks (treated as fixed), females, males, female and male general combining abilities (GCA), and specific combining ability (SCA), as shown in Eq. 
where Y cfmkl is the observed performance of the corresponding genotype in the lth incomplete block within the kth replication, m denotes the overall mean, ch c is the effect of the cth check, F f is the effect of the fth female, M m is the effect of the mth male, GCA f and GCA m are the GCA effects of the fth female and the mth male, respectively; SCA fm is the effect of the SCA from the fth female and the mth male combination, R k is the effect of the kth replication, R(B) kl the effect of the lth block within the kth replication, and e cfmkl is the error term associated with each Y cfmkl . Underlined effects were treated as fixed and all other effects were treated as random.
Combined Analysis within Year
We first treated all factors as random, except for P levels and the environments, using the hierarchical Eq.
[3], with replications nested within environments and incomplete blocks nested within replications. From this model, we obtained the reference components for the genetic variance, genotype ´ P level interaction, and remnant genotype ´ environment interaction for the two different sets:
The relative importance of GCA and SCA on hybrid performance was estimated as the ratio 2 ´ Sd 2 GCA /(2 ´ Sd 2 GCA + d 2 SCA ) (GCA/SCA ratio), where Sd 2 GCA is the sum of female and male GCA variance components, and d 2 SCA is the SCA variance component. In the jth environment, GCA estimates of the ith parent (female or male) were calculated from the adjusted means as follow: GCA ij = MH i − OM j , where GCA ij is the GCA estimate of the ith parent in the jth environment, MH i is the mean of hybrids having the ith parent in common, and OM j is overall hybrid mean in the jth environment. The genetic coefficient of variation (GCV) in each environment was estimated as the square root of the total genotypic variance (Eq. [1]) over the environmental mean yield. Pearson correlation coefficients and their significance level were estimated using the Hmisc R package (Harrell, 2018) to obtain the power of the relationship between performances of different groups of genotypes in LP vs. HP conditions.
Effectiveness of Direct vs. Indirect Selection
The covariances between LP and HP conditions of hybrid performance were estimated from Eq. 
where Y cfmpkl is the observed performance of the corresponding genotype in the lth incomplete block within the kth replication, m denotes the overall mean, ch c is the effect of the cth check, P p is the effect of the pth P level. F f and M m are the effects of the fth female and the mth male, respectively, and FP fp and MP mp represent respective interactions of F f and M m with the pth P level; H fm is the effect of the hybrid from the fth female and the mth male combination and HP fmp is fmth hybrid's interaction with pth P level, P(R) pk is the effect of the kth replication in the pth P level, P[R(B)] pkl is the effect of the lth block within the kth replication of the pth P level, and e cfmpkl is the residual term associated with each Y cfmpkl . Underlined effects were treated as fixed.
We imposed an unstructured covariance matrix on H fm + HP fmp to obtain hybrid genetic covariances between HP and LP within location. The genetic correlations (r G ) between grain yields in HP and in LP were then calculated as follows:
where d LP,HP is the genetic covariance of hybrids in LP vs. HP, and d 2 LP and d 2 HP are the genetic variances of hybrids estimated under LP and HP conditions, respectively.
Heritabilities for hybrids in single environments were estimated from an ad hoc approach, using Eq. [14] (h 2 reg ) in Schmidt et al. (2019) , to calculate the relative effectiveness (CR/R) of indirect (under HP) vs. direct (under LP) selection for grain yield, considering the same selection intensity (Robertson, 1959) :
where CR is the correlated response under LP to selection under HP conditions, R is the response to direct selection in LP, r G is the genetic correlation between hybrid grain yields under HP and under LP conditions, and h HP and h LP are the square roots of hybrid heritabilities under HP and under LP, respectively.
RESULTS
Characterization of Trial Yield Means and Repeatabilities
The mean grain yields varied significantly in individual environments, ranging between 59 and 306 g m −2 for Set 1, and 162 and 323 g m −2 for Set 2. The mean yields in the LP environments were markedly lower than those in the adjacent HP environments, exhibiting 22 to 60% for Set 1 and 59 and 62% for Set 2 of the yields in the adjacent HP trial in the same location and year. The repeatabilities for grain yield were acceptable for all environments, ranging from 0.46 to 0.89 in the individual environment analyses for Set 1 (Table 4) and Set 2. The repeatability estimates in the LP and HP environments were rather similar, with those in the LP environments being slightly lower for Set 1 but slightly higher for Set 2 (0.53 and 0.67 in LP and 0.46 and 0.65 in HP). The repeatability estimates were high in all environments for heading date (0.71-0.90) and plant height (0.94-0.99) ( Supplemental Table S1 ).
Hybrid Performance and Heterosis in Contrasting Phosphorus Environments
Hybrid Yield Levels Set 1 individual hybrid yields varied between 89 and 533 g m −2 under HP, and 34 and 241 g m −2 under LP conditions (Fig. 1) . The Set 2 individual hybrid grain yields varied between 179 and 420 g m −2 under HP and 103 and 271 g m −2 under LP conditions (Fig. 2) . The mean yields of the complete sets of experimental hybrids ranged from 66 to 359 g m −2 for Set 1 hybrids in the individual environments, and from 166 to 332 g m −2 for Set 2 hybrids ( Table 5 ). The overall mean yields for Set 1 hybrids were reduced under the LP conditions by 40 to 79% relative to HP conditions in the corresponding year and location. Set 2 overall hybrid grain-yield means were reduced under LP by 41 and 26% relative to HP in Samanko and in Kolombada, respectively.
At least three of the top quartile hybrids were common between HP and LP conditions for Set 1 hybrids in the same location and year. Eight and ten Set 1 hybrids of the upper quartile for yield in combined HP conditions in 2015 and in 2016, respectively, were also present in the upper quartile of hybrids in the corresponding LP environments (Fig. 3) . The 25% top-yielding hybrids of Set 2 (count = 39) averaged 386 and 251 g m −2 under HP (Samanko and Kolombada, respectively), and 232 and 195 g m −2 under LP conditions (Samanko and Kolombada, respectively). Seventeen (44%) Set 2 hybrids were in common between the HP and LP upper quartile clusters for grain yield in both locations.
The proportion of Set 1 hybrids that significantly outyielded Tieble in combined analyses across years was 18 and 31% under LP conditions in Samanko and Kolombada, respectively. This proportion was considerably higher under HP as compared with LP conditions, approximating 55 and 65% of total hybrids in Samanko and Kolombada, respectively.
The mean yields of all hybrids under test were superior to the mean of the landrace check varieties in every test environment (Table 5) , with the differences being significant in all environments, except for Set 1 in Kda_LP_15. These superiorities were 28 g m −2 or higher in most environments for Set 1 and 39 g m −2 or higher in all environments for Set 2 hybrids. The Set 1 overall hybrid yield means in Kda_LP in 2015 were just marginally higher than those of the landrace checks, with just 11 g m −2 superiority. The overall hybrid mean yields represented between 20 and 81% superiority in single environments for both sets.
The upper quartile of hybrids for grain yield exhibited 51 g m −2 or more yield advantage relative to landrace checks in all environments, except for one single environment with marginal hybrid superiority (Table 5 ). These mean yield differences represented between 38 and 133% superiority over the landrace check varieties across all eight environments for Set 1 (Fig. 1) and four environments for Set 2 (Fig. 2, Table 5 ).
Heterosis for Grain Yield
Mean midparent heterosis of Set 1 hybrids varied from 69 to 83% in individual location-year analyses ( Table 5 ). The mean midparent heterosis levels under LP conditions varied between 93 and 103, whereas under HP conditions, they were 73 and 82% when analyzed across locations in 2015 and 2016, respectively.
Better-parent heterosis estimates of Set 1 hybrids in individual trials varied from 44 to 53% under HP and from 38 to 50% under LP conditions ( Table 5 ). The higher yields of nearly all experimental hybrids compared with the yield of Lata, an elite bred variety and the recurrent parent for Set 2 male parents, also provide a rough indication of the substantial better-parent heterosis for both Set 1 (Fig. 1) and Set 2 hybrids.
Maturity and Plant Height in Set 1 Trials
The mean heading dates within groups of male and female parents, hybrids, and landrace checks were similar in all individual environments ( Supplemental Table S2 ). Despite the Samanko 2016 sowing date being 2 wk later than in 2015 (Table 3) , the mean heading dates in Julian days were very similar between years under HP conditions but were considerably delayed in the 2016 LP trial in Samanko. Mean heading dates were generally delayed under LP compared with HP conditions for all genotype groups in both Samanko and Kolombada in 2015 and Samanko in 2016. The average delays in heading date under LP versus HP were 5.5 and 5.8 d for the male and hybrid groups, respectively. Examination of the range of heading dates within genotype group showed sizeable differences with, for instance, 7-to 17-d ranges for hybrids in individual environments ( Supplemental Table S2 ). The ranges of heading dates, averaged across each P level separately for the hybrid group, were 9.8 and 12.3 d under HP and LP conditions, respectively, and 6.8 and 8.3 d for the group of male parents.
The Set 1 mean hybrid plant height ranged from 154 to 391 cm under HP and from 117 to 270 cm under LP conditions ( Supplemental Table S2 ), with plant height reductions of up to 41% under LP vs. HP conditions in 
Genetic Variation and Combining Ability Estimates from Set 1
Single Environments
Differences among genotypes for grain yield were highly significant in all environments (Table 4 ). Male GCA variance (d 2 M_GCA ) was significant in most environments and was 1.2 to 5.5 times larger than female GCA variance (d 2 F_GCA ), which was only significant under HP conditions in 2015. The ratio d 2 M_GCA /d 2 F_GCA was larger under LP than under HP conditions in the same location. The SCA variance (d 2 SCA ) was relatively large and/or highly significant in all environments, except in Kda_LP_16. The GCA/SCA ratios for grain yield were generally closer to unity in HP environments than in corresponding LP environments, except in Kda_16. There were significant differences among genotypes for heading date and plant height in all environments ( Supplemental Table S1 ). Heading date and plant height variance components for females (d 2 F ), males (d 2 M ), female and male GCAs, and SCA were significant in most environments. The GCA/SCA ratios for plant height and heading date were generally close to unity in all environments, except in Kda_16 (under both HP and LP).
Combined Analysis across Environments within Years
The genotypic variance and genotype ´ P level interactions for grain yield were highly significant across environments in each year ( Table 6 ). The overall genotypic variances for grain yield exceeded those of genotype ´ P level interactions by a factor of at least four in both years, which contributed to high heritabilities in each year. (Table 2) and presented as boxplots, from single environments in Samanko (Sko) and Kolombada (Kda) under low-and high-P (LP and HP, respectively) conditions in 2016. Each colored box corresponds to 25% above and 25% below the median for that group, midlines of each boxplot represent the median, whiskers indicate the total range, and circles denote outlier values. The horizontal solid, dashed, and dot-dashed lines represent the grain yield means of all hybrids and landrace checks Tieble and Woroponi, respectively. Numbers above and below each box indicate the count of hybrids significantly superior to Tieble and the total number of hybrids per male parent group, respectively. All groups have the same number of hybrids across environment except for backcross group (BCG)-DouaG (29 hybrids in Sko_LP). The diamonds, squares, and triangles represent the mean of hybrids from FambeA, (GPd-1/PR3009)-1A, and 02-SB-F5DT-12A as female parents, respectively. The cross and the star denote the mean of Pablo (FambeA ´ Lata) and Fadda (02-SB-F5DT-12A ´ Lata), respectively. 62 (40) 241 (79) 218 (61) 102 (41) 137 (41) 59 (26) Upper quartile of highest yielding hybrids (count)
200 (21) 116 (21) 383 (16) 93 (16) 450 (13) 184 (13) 319 (13) 185 (13) 386 (39) 232 (39) 251 (39) 195 ( (17) 43 (86) 34 (65) 16 (31) 44 (28) 148 (94) 86 (55) 83 ( Although the male parents exhibited significant differences for grain yield but no interaction with P level, there was no variation for male GCA (d 2 M_GCA ) per se after accounting for P level, but interactions of d 2 M_GCA with P levels (d 2 M_ GCA´P ) were highly significant in both years. No significant variances were observed for female GCA (d 2 F_GCA ), interactions of d 2 F_GCA with P level, or for the female parents per se in either year. The d 2 SCA and d 2 SCA´P were relatively small and nonsignificant in both years, and only the remnant d 2 SCA´Env was significant in 2016 (data not shown).
Combining Ability Patterns for Grain Yield and Genetic Background of Parents
Set 1 Hybrids The significant variation for male GCA (d 2 M_GCA ) in individual environments (Table 4 ) and significant interaction with P levels in combined analyses, capturing entirely the overall d 2 M_GCA (Table 6) , led us to examine the combining abilities of individual male parents in each environment (Fig. 1) . The clearest discernable difference among the male parents is the consistently poor combining ability of Ngolofing, the Malian Guinea landrace male parent. ND07e21 also repeatedly exhibited negative combining ability. Grinkan, the Guinea-Caudatum interracial line the male having the least Guinea-race background, showed negative combining abilities in all environments.
The male parent that often exhibited the highest GCA values was BC_Lata//IS15401, followed by BC_Lata// Ribdahu. The combining abilities of the introgressed Lataderivative BC_Lata//IS15401 was superior to that of Lata itself in most environments.
Examining the consistency of individual male combining abilities across pairs of HP and LP environments gives some clues to the sources of the significant d 2 M_GCA´P within years. The male BC_Lata//Ribdahu showed a positive GCA in the 2015 HP environments and near zero GCA in the LP environments (Fig. 1) . Likewise, in 2015, both Lata and BC_Lata//Samb showed positive GCA in the HP and near zero levels in the LP environments. The backcross parent BC_Lata//IS15401 similarly showed this pattern in HP Samanko and Kolombada in 2016 but also showed relatively larger GCA in LP in 2016, compared with other male parents.
Set 2 Hybrids
There was no significant variation among female GCAs in any of the individual environments (data not shown). The differences among the male-parent groups for GCA were not significant (data not shown), with only small differences between groups for the median and mean yields of their respective hybrids (Fig. 2) . However, possible trends are suggested by the upper quartiles and median of BCG-IS15401 hybrids always being among the top in every environment, and conversely those of the BCG-Ngolofing being among the lowest in every environment. Both of these trends are in the same direction as was observed in the Set 1 hybrids with BC_Lata//IS15401 and Ngolofing used directly as male parents.
Quantitative Genetic Estimates for Predicting Efficiency of Hybrid Selection Methods
Efficiency of Selecting Hybrids under High-or Low-Phosphorus Conditions for Hybrid Yield Performance in Low Phosphorus
The yield of hybrids under LP conditions was weakly but often significantly correlated to the yield performance of those hybrids under the HP conditions in each location and year for both Set 1 and Set 2 hybrids ( Table 5 ). The average of correlations between hybrid yields in LP and HP environments was 0.27 and 0.40 for Set 1 and Set 2 hybrids, respectively. Indirect selection of hybrids under HP conditions would be less effective than directly selecting them under LP conditions for hybrid grain-yield performance in target LP environments, based on the CR/R ratios that were largely <1.0 in both Set 1 and Set 2 hybrids at all locations ( Table 5) .
Potential of Using Parental Per Se Yield Performance to Identify Superior Hybrids
Although the correlations between female parent per se yield under LP with hybrid yields under LP were low (averaging only 0.22), the correlations between male parent per se and hybrid yields were moderately strong (averaging 0.59) across the four pairs of LP-HP trials for Set 1 hybrids ( Table 5 ). The correlations of parental per se yield under HP conditions with hybrid yields under LP conditions were low for female parents (averaging 0.18) and erratic for the male parents, ranging from −0.51 to +0.65, with an average of only 0.08 (Table 5 ). Male per se performance under LP was generally more correlated to hybrid performance under LP than the male per se yields under HP; however, most correlations were not statistically significant. Male GCA was generally more correlated to hybrid mean yield than female GCA. The male parents having both Malian Guinea background and introduced germplasm from eastern WA had the highest per se grain yields and the highest GCA values for yield in most environments, with Set 1 evaluated in 2015 (BC_Lata//Ribdahu) and in 2016 (BC_Lata// IS15401) (Fig. 1) . The Guinea-Caudatum interracial line, Grinkan, had the lowest per se yields and negative GCAs in all environments.
DISCUSSION
Pertinence of Results for Smallholder Sorghum Farmers in West Africa
Test Environments
The use of two contrasting soil-P conditions (HP and LP) to evaluate combining ability and hybrid performance was essential for establishing relevance of this study to WA sorghum production. The LP fields, under long-term LP management, with N fertilization equal to HP but no P fertilization for over a decade, facilitated assessment of yield performance in environments that were pertinent in the context of smallholder farmers. Such long-term LP-managed experiment station fields have been shown to be advantageous for evaluation of sorghum materials under LP stress conditions in Mali (Leiser et al., 2012) . Such on-station experimental conditions allowed a simultaneous assessment of a large number of genotypes, which is usually not possible under on-farm environments (Bänziger and Cooper, 2001) .
The markedly lower grain yields (Table 5) , and the reduced plant heights and delayed flowering ( Supplemental  Table S2 ) observed in LP test environments, relative to the HP environments in each location and year, were of similar magnitude as those observed across a wide range of WA sorghum varieties tested under LP and HP conditions (Leiser et al., 2012) . They also correspond to the responses to P deficiency observed in several crops (e.g., Fageria et al., 1988; Wissuwa and Ae, 2001; Cichy et al., 2009; Leiser et al., 2015) . Furthermore, the fact that our LP environment yield levels were close to 100 g m −2 (1 t ha −1 ), the average sorghum long-term yield in farmers' fields in WA (FAOSTAT, 2018) , suggests that our results are relevant for targeting the prevalent low-input sorghum production systems in this region.
The relatively high repeatability estimates and significant genetic variation for grain yield in all test environments in both years of trials (Table 4 ) strongly suggest that our datasets were highly useful. In addition, the fact that repeatabilities for grain yield under LP were fairly close to those under HP environments, facilitated the comparison of genotypic performance under these contrasting edaphic conditions.
Importance of a Locally Adapted Germplasm Base
This study provides insights into the utility of the current and new diversified Guinea-race hybrid parents for producing hybrids that respond to smallholder-farmers' needs in WA. The emphasis on using germplasm of the Guinea-race, the race that is most cultivated in Mali and neighboring countries, helps provide the adaptation ("rusticity") and grain quality that was lacking in earlier hybrids with exotic parents (Toure and Scheuring, 1982) . Furthermore, the use of hybrid parents based on Guinearace germplasm produced hybrids with high grain yield and acceptable quality, which farmers have been adopting (Rattunde et al., 2013; Smale et al., 2014 Smale et al., , 2018 Kante et al., 2017) .
The plant height of several of our experimental hybrids was generally >2.5 m, even under the LP conditions ( Supplemental Table S2 ), which was similar to farmers' own varieties. These hybrids are sufficiently tall to reduce the risk of grazing damage by transhumant cattle . Photoperiod sensitivity, another important trait for sorghum adaptation in WA (Grenier et al., 2001; Clerget et al., 2008) , enables flowering at a relatively fixed calendar date for appropriate grain filling at the end of the rainy season, despite highly variable sowing dates. Parental materials used in this study (Lata or Fambe, for instance) and an earlier series of hybrids produced with these parents have been shown to possess photoperiod sensitivity similar to that of Guinea-landrace varieties (Rattunde et al., 2013; Kante et al., 2017) . The hybrids' 4-d maximum delay in heading date under HP conditions in 2015 ( Supplemental Table S2 ), despite the 2-wk sowing delay, points to the photoperiod sensitivity of the experimental hybrids.
The landrace check varieties used in this study, representative of the tall, photoperiod-sensitive, Guinea-race varieties widely cultivated in the region , provide appropriate standards for judging the yield performance of our experimental hybrids relative to the farmers' own varieties. In fact, seed of the variety Tieble is currently being produced and disseminated on a large scale by farmer seed cooperatives in Mali.
Hybrid Yield Performance Relative to Farmers' Varieties
Two key results from the perspective of smallholder farmers are that the experimental hybrids produced yields that were substantially higher than those of the landrace check varieties; yield superiority was exhibited in LP environments as well as in HP environments (Table 5 ). This result is critical for sorghum farmers in WA in that the soils in which sorghum is cultivated are generally exceedingly low in plant-available P (Leiser et al., 2012) , both in men's but especially in women's fields, and the access to inorganic fertilizer is limited (Leiser et al., 2012 (Leiser et al., , 2018 Theriault et al., 2018; Weltzien et al., 2018) .
Although the hybrid yield superiority over the checks was generally lower under LP than under HP conditions (Table 5) , these yield advantages were still large enough to be meaningful. The average hybrid yield advantages of 20, 61 (for Set 1 in 2015 and 2016, respectively), and 55 g m −2 (for Set 2) under LP conditions are large enough to be noticed by farmers. For example, achieving even a 20 g m −2 (or 200 kg ha −1 ) yield gain, equivalent to the smallest of the average yield superiority, would allow farmers to recover hybrid seed cost (Kante et al., 2017) and could make a difference for food security and income for farmers, who expect a 1 t ha −1 of grain yield with their own varieties.
Furthermore, the possibility existed of identifying individual hybrids that are markedly superior to landrace varieties for grain yield under LP conditions ( Fig. 3) and is revealed by the hybrid top-yielding quartile exhibiting average yield superiority of 45 (Set 1, 2015) , 102 (Set 1, 2016) , and 88 g m −2 (Set 2) under LP conditions (Table 5) . Although these superior-yielding hybrids under LP conditions should offer low-input farmers promising new options, additional testing across additional environments, including in contrasting years, is needed to confirm these yield advantages; such across-year analyses could not be completed in this study. In addition, the proportions of hybrids that were common in the top quartiles under both P conditions, ranging from 23 to 48% (Table 5) , point to the possibility of identifying Guinea-race hybrids that combine P stress tolerance and yield responsiveness to P-available conditions. Evaluation of superior hybrids in participatory variety testing would provide more insights into the adaptation and acceptance of such hybrids across the diverse sorghum production conditions.
Heterosis Levels of Guinea-Race Sorghum Hybrids
The substantial midparent heterosis levels for grain yield exhibited by our sets of parents, averaging >70% in every test environment (Table 5) , demonstrated considerable opportunity for successful hybrid development using WA Guinea-race germplasm. Estimates of midparent heterosis for yield, on a single-plant basis, were previously reported to range from 14 to 261% for individual sorghum hybrids with Malian landraces used as male parents and exotic female parent (Toure and Scheuring, 1982) . Our estimates of midparent heterosis were equal or superior to those obtained with hybrids developed from a global sampling of Guinea-restorer lines crossed onto three Guinea-landrace-derived female parents, with two being of Malian origin (Dagnoko, 2008) . The high midparent heterosis estimates under LP conditions (Table 5) imply that efforts to breed sorghum hybrids targeting the prevalent lowinput production systems of WA should be successful.
The heterosis estimates of greater relevance to WA farmers are the better-parent estimates, which would relate more closely to yield advantages they could expect relative to their own open-pollinated varieties. The hybrids' better parents in this study were almost entirely the male parents, which included currently cultivated varieties, such as Lata, Ngolofing, and Grinkan. The large better-parent heterosis estimates exhibited by our experimental hybrids under LP conditions (Table 5 ) therefore provide another indicator of the potential yield gains these hybrids could offer farmers under their low-input conditions. The magnitude of these better-parent heterosis estimates under LP was equal or superior to that reported in prior studies regarding better-parent heterosis levels in sorghum (Blum et al., 1990; Makanda et al., 2010; Mindaye et al., 2016) . These levels of heterosis under LP conditions confirm the potential of exploiting heterosis with Guinea-race materials (Rattunde et al., 2013; Kante et al., 2017) . Exploitation of such heterosis is a promising approach for increasing smallholder farmers' income and food security.
Indications for Guiding Ongoing and Future Hybrid Breeding
The highly unbalanced sets of experimental hybrids compromised the ability to conduct across-year analyses and likely diminished the discriminatory power of the combining ability analysis. Additionally, the high genetic relatedness among most of the female parents in Set 1 and the male parents of Set 2 likely also limited the variation for combining ability within those groups. Nevertheless, certain trends for combining ability could be observed in this study and provide at least initial insights into the utility of parental lines of contrasting Guinea-race backgrounds for developing productive hybrids for Mali and neighboring countries in WA.
The expression of significant variation for GCA and SCA in the individual-environment analyses (Table 4) suggested that both additive and nonadditive gene actions determined grain yield in our study, similar to the findings reported in studies using various WA sorghum materials (Kenga et al., 2004; Akata et al., 2017) . The close genetic relationship among most of our female parents might have contributed to the lack of significance and smaller size of d 2 F_ GCA compared with d 2 M_GCA , especially under LP conditions (Table 4 ). Our results therefore do not provide guidance on choice of female parents for hybrid development.
On the other hand, the large d 2 M_GCA in individual LP and HP environments (Table 4 ) indicated the existence of relatively superior male parents for GCA; these male parents could be used more extensively for further improvement of sorghum. In addition, the significant d 2 SCA in most environments and the smaller GCA/SCA ratio in LP, as compared with HP conditions (close to unity), point to the possible need for selecting specific hybrids for low-input farming systems. Early-generation testcross (GCA) evaluation of parental material is nevertheless largely desirable to reduce the number of tested hybrid combinations.
Sizeable correlations between male yield per se and experimental hybrid yields under LP (Table 5) suggested that male parent's LP adaptation per se was a major determinant of hybrid yield performance under LP conditions. IS15401 was identified to have specific adaptation to LP conditions (Leiser et al., 2012 (Leiser et al., , 2014 . Although it was not used directly as a parent (being too late in maturity), the male parents into which it was introgressed produced hybrids with superior yield performance under both LP and HP conditions in both Set 1 (Fig. 1) and Set 2 (Fig. 2) . Blum et al. (1990) also reported that their most productive parental restorer lines under drought stress had the highest yielding hybrid under drought stress. Betrán et al. (2003) reported a significant correlation in maize between GCA and inbred per se performance under conditions of intermediate drought and intermediate drought combined with heat stress. Further, the fact that the d 2 M_GCA for overall environments in our study was completely captured by d 2 M_GCA´P after accounting for P level in the combined analyses (Table 6) suggested the importance of earlygeneration line per se testing under LP conditions when hybrid development is aimed at targeting WA low-input production systems. Screening parents for adaptation under LP might therefore represent an easier first step prior to combining ability testing of sorghum lines for hybrid development in WA.
Strategies for Breeding Hybrids Targeting Low-Phosphorus Environments and Meeting Smallholder Farmers' Needs
Testing and Selection Environments
The high heritabilities for grain yield, plant height, and heading date estimated under LP and HP environments (Table  4 , Supplemental Table S1 ) indicated that selection would be possible under both limited and more favorable soil-P conditions. The genetic coefficients of variation for yield under LP being at least as large as those under HP conditions ( Table 5) further confirmed that breeding progress should be possible under both LP and HP conditions. The higher effectiveness of directly selecting hybrids under LP conditions for yield in LP, relative to indirectly selecting them under HP conditions, as predicted by the CR/R ratios (Table 5) , showed the importance of evaluating experimental hybrids under LP conditions when targeting low-input WA sorghum production systems. An earlier study of diverse WA sorghum varieties conducted under contrasting P conditions across multiple years and locations in Mali came to the same conclusion (Leiser et al., 2012) . Although selection in P-fertilized conditions is expected to be of some value for LP target environments, the risk of losing some hybrids with superior LP performance via selection under HP conditions was indicated by the limited overlap between experimental hybrids with highest yields under LP and companion HP trials ( Table  5 ). The fact that the predicted effectiveness of indirect selection was lowest in the HP-LP trial pairs with the most divergent hybrid yields (Table 5) suggested that the highest yielding HP environments might be particularly problematic for identifying hybrids for low-input conditions. Selection for maize adaptation to N deficiency (Bänziger et al., 1997) and wheat tolerance to water stress (Cooper et al., 1997) also revealed that advantages of direct selection under stress increased with greater divergence of stress and nonstress environments.
Insights for Developing Complementary Male and Female Pools
The relatively high GCA levels of male parents derived from introgression of landrace varieties from Cameroon and Nigeria (>2000 km distant from Mali) into the elite male parent Lata, often being higher than the elite recurrent parent ( Fig. 1 and 2) , suggested that introgressing genetic materials from the more humid eastern side of West and Central Africa (WCA) into Guinearace material from Mali and neighboring countries could be useful for making the male pool more distinct and complementary to the female pool. The heterosis levels of hybrids previously produced by directly crossing Guinearace landraces from Cameroon (IS15302 and IS15692) and Nigeria (IS7978, IS7509, and IS7972) with Guinea-race female parents from Mali (FambeA and IPS001A) were found to be superior on average to those of hybrids with both parents of Malian origin (H.F.W. Rattunde, personal communication, 2018) . However, the considerably later maturity of Guinea landraces from humid WCA makes their direct use difficult and instead favors their introgression into more adapted genetic backgrounds. The distinctness of those humid WCA Guinea landraces used for introgression in our study relative to Malian Guinea landraces was anticipated because of both their geographically distant origins and their observed separation based on measures of molecular genetic diversity (Folkertsma et al., 2005; Deu et al., 2006; Morris et al., 2013) . Introduction of exotic material has been further reported to be of interest for sorghum hybrid development (Malm, 1968) .
Diversification of the female parent pool appears to be a priority, given the limited variation for female GCA among the currently available Guinea-based seed parents (Table 4 ). The use of Guinea germplasm from Mali and neighboring countries in semiarid and Sahelian WA might be more useful for this purpose. This approach, accompanied by introgression of materials from humid WCA into the male-pool, should accentuate the genetic distance between the female and male pools. Increasing the genetic distance between male and female pools would be expected to favor superior hybrid combinations (Melchinger and Gumber, 1998; Reif et al., 2007) . Furthermore, the relatively high frequency of maintainer genes in the Malian landrace materials (Toure and Scheuring, 1982) would help increase the efficacy of developing new maintainer lines with complete fertility maintenance. Lastly, the desirable grain form and quality aspects of Guinea germplasm from Mali and neighboring countries would be particularly useful for seed parents that, for farmers' acceptance of hybrid seed, need to be similar to their desired types.
CONCLUSION
Our study demonstrates the possibility of attaining high yields under LP conditions using Guinea-race hybrids that can provide meaningful superiority over the landraces and improved varieties that farmers currently cultivate. Introgression of sorghum germplasm from the more eastern regions of WCA showed promise for developing the maleparent pool as a distinct heterotic group through long-term hybrid breeding. The diversification of the female parental pools, with germplasm from the western part of WA, is needed for sustained and successful hybrid development. Breeding hybrids with superior performance under low-input conditions was shown to be feasible and was considered a highly promising strategy to contribute to improving the livelihood of smallholder farmers. Although our data clearly indicated the advantages of direct selection under LP for hybrid performance in the predominantly P-limited target environments, companion evaluations of hybrids under HP would be desirable to identify new hybrids that can respond to improved fertility conditions for agricultural intensification.
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